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(57) ABSTRACT

In a speech discrimination ability determination system, an
MMN determination section acquires, with respect to each
of'the first and second speech sounds, difference information
between the event-related potential acquired during its out-
put with the first occurrence frequency and the event-related
potential acquired during its output with the second occur-
rence frequency, and determines whether a negative com-
ponent exists in the difference information in predetermined
time ranges after the first and second speech sounds are
output. When the determination result indicates that the
negative component exists, a discrimination ability determi-
nation section determines that the user discriminates the first
and second speech sounds.
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SPEECH-SOUND DISTINGUISHING ABILITY
DETERMINATION APPARATUS,
SPEECH-SOUND DISTINGUISHING ABILITY
DETERMINATION SYSTEM, HEARING AID
GAIN DETERMINATION APPARATUS,
SPEECH-SOUND DISTINGUISHING ABILITY
DETERMINATION METHOD, AND
PROGRAM THEREOF

This is a continuation of International Application No.
PCT/IP2013/002649, with an international filing date of
Apr. 19, 2013, which claims priority of Japanese Patent
Application No. 2012-098431, filed on Apr. 24, 2012, the
contents of which are hereby incorporated by reference.

BACKGROUND

1. Technical Field

The present application relates to a technique of speech
discrimination ability determination. More specifically, the
present application relates to a technique of improving
speech-sound discrimination ability and a technique of
determining a gain for a hearing aid, for use in hearing aid
fitting and the like.

2. Description of the Related Art

Japanese National Phase PCT Laid-Open Publication No.
2008-503261 discloses that a mismatch negativity (MMN)
component has come into wide use in developmental studies
and sleep studies, as an evoked response testing system for
neurological disorders. An “MMN component”, which is a
kind of event-related potential contained in an electroen-
cephalogram signal, is a negative potential shift that is
mainly induced in 100 ms to 250 ms from the presentation
of an auditory stimulation. Since the paradigm for measur-
ing an MMN component does not require the test subject to
pay attention to a stimulation, this is suitable for the assess-
ment of an infant or a sleeping user, for whom it is difficult
to keep conscious attention.

Japanese Patent No. 4838401 discloses a speech sound
intelligibility assessment system. The system described in
Japanese Patent No. 4838401 determines the presence or
absence of a positive component of event-related potential in
a zone from 600 ms to 800 ms since a point in time of
presenting a speech sound from an output section, and the
presence or absence of a negative component of event-
related potential in a zone from 100 ms to 300 ms since a
point in time of presenting a speech sound. Based on the
result of determining the presence or absence of a positive
component and the result of determining the presence or
absence of a negative component, an evaluation is made as
to whether the user has clearly heard a presented speech
sound or not.

SUMMARY

However, Japanese National Phase PCT Laid-Open Pub-
lication No. 2008-503261 and Japanese Patent No. 4838401
fail to disclose a method of determining speech discrimina-
tion ability utilizing an MMN component.

One non-limiting and exemplary embodiment of the pres-
ent application provides a speech discrimination ability
determination system for determining speech discrimination
ability by using an MMN component.

In one general aspect, a speech discrimination ability
determination system disclosed herein comprises: a biologi-
cal signal measurement section for measuring an electroen-
cephalogram signal of a user; a sound stimulation determi-
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2

nation section for, by referring to a speech sound database
storing information of a plurality of speech sounds, deter-
mining a first speech sound and a second speech sound
which are different from each other; an output section for
switching between: a first trial in which the first speech
sound is output with a first occurrence frequency and the
second speech sound is output with a second occurrence
frequency different from the first occurrence frequency; and
a second trial in which the first speech sound is output with
the second occurrence frequency and the second speech
sound is output with the first occurrence frequency; an
event-related potential acquisition section for acquiring
event-related potential contained in the electroencephalo-
gram signal, the event-related potential acquisition section
acquiring: an event-related potential based on a point of
outputting the first speech sound being output with the first
occurrence frequency as a starting point; an event-related
potential based on a point of outputting the first speech
sound being output with the second occurrence frequency as
a starting point; an event-related potential based on a point
of outputting the second speech sound being output with the
first occurrence frequency as a starting point; and an event-
related potential based on a point of outputting the second
speech sound being output with the second occurrence
frequency as a starting point; an MMN determination sec-
tion for, with respect to each of the first speech sound and the
second speech sound, acquiring difference information
between the event-related potential acquired during its out-
put with the first occurrence frequency and the event-related
potential acquired during its output with the second occur-
rence frequency, and determining whether a negative com-
ponent exists in the difference information in predetermined
time ranges after the first speech sound and the second
speech sound are output; and a discrimination ability deter-
mination section for, when a determination result by the
MMN determination section indicates that the negative
component exists, determining that the user discriminates
the first speech sound and the second speech sound.

With a speech discrimination ability determination system
according to one implementation of the present invention, it
is possible to improve the precision of speech discrimination
ability determination, by using an MMN component.

The general and specific implementation above can be
realized by using a system, a method, or a computer pro-
gram, or implemented by using a combination of a system,
a method, and/or a computer program.

Additional benefits and advantages of the disclosed
embodiments will be apparent from the specification and
Figures. The benefits and/or advantages may be individually
provided by the various embodiments and features of the
specification and drawings disclosure, and need not all be
provided in order to obtain one or more of the same.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 1C are diagrams showing a conventional
measurement paradigm for an MMN component and imagi-
nary results thereof.

FIGS. 2A to 2C are diagrams showing a measurement
paradigm for an MMN component which has been devised
by the inventors and imaginary results thereof.

FIG. 3 is a diagram showing a determination criterion
concerning speech discrimination ability based on the pres-
ence or absence of an MMN component.

FIG. 4 is a diagram showing a determination criterion
concerning speech discrimination ability based on an N1
component and an MMN component.
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FIG. 5 is a diagram showing formant characteristics and
changes in speech sound data in groups which are suscep-
tible to confusion.

FIG. 6 is a diagram showing the construction of an
implementation of a speech discrimination ability determi-
nation system according to Embodiment 1.

FIG. 7 is a diagram showing an environment of use for a
speech discrimination ability determination system.

FIG. 8 is a diagram showing a hardware construction
according to Embodiment 1.

FIG. 9 is a diagram showing an exemplary speech sound
database (DB) according to Embodiment 1.

FIG. 10 is a flowchart showing overall processing by the
speech discrimination ability determination system accord-
ing to Embodiment 1 in outline.

FIGS. 11A and 11B are diagrams showing electrode
positioning.

FIG. 12 is a diagram showing the construction of a speech
discrimination ability determination system 150 lacking an
N1 determination section.

FIG. 13 is a diagram showing the construction of an
implementation of a speech discrimination ability determi-
nation system according to Embodiment 2.

FIG. 14 is a diagram showing an exemplary speech sound
DB according to Embodiment 2.

FIG. 15 is a flowchart showing overall processing by the
speech discrimination ability determination system accord-
ing to Embodiment 2 in outline.

FIG. 16 is a diagram showing another method of output-
ting sound stimulations.

FIG. 17 is a diagram showing the construction of a speech
discrimination ability determination system 250 lacking an
N1 determination section.

DESCRIPTION OF EMBODIMENTS

The definitions of the terms in the present specification
will be described.

An “event-related potential (event-related potential: also
referred to as “ERP”)” is a fluctuation in the potential of an
electroencephalogram (EEG) that occurs in response to a
stimulation.

A “sound stimulation”, also referred to as an auditory
stimulation, is a sound which is presented to a user.

A “mismatch negativity (MMN) component™ is a kind of
event-related potential, and is a component concerning a
negative potential shift of electroencephalogram which
mainly occurs or is elicited in a time range from about 100
ms to 250 ms since a point in time of presenting a sound
stimulation. As will be specifically described later, an MMN
component is derived by, when plural kinds of sound stimu-
lations are presented, through subtraction between the
respective event-related potentials that have been induced by
different kinds of sound stimulations.

An “N1 component” is a negative component of event-
related potential which occurs in about 100 ms from a point
in time of presenting a sound stimulation.

“Latency” is the time, based on the point of presenting a
stimulation to serve as a starting point of event-related
potential (e.g., an auditory stimulation or a visual stimula-
tion) as a starting point, until a peak potential of a positive
component or negative component of event-related potential
occurs.

A “negative component” generally refers to a potential
which is smaller than 0 puV. In a comparison between
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4

potentials, the potential having the greater negative value
may be referred to as a negative component between the
two.

A “positive component” generally refers to a potential
which is greater than 0 pV. In a comparison between
potentials, the potential having the greater value may be
referred to as a positive component between the two.

In the present specification, in order to define a compo-
nent of event-related potential, a point in time after the lapse
of a predetermined time since a given point is expressed by
referring to a “latency of about 100 ms”, for example. This
means possible inclusion of a range around the specific point
of 100 ms in time. Generally speaking, there are 30 to 50 ms
of differences (shifts) in event-related potential waveform
between individuals, according to Table 1 on p. 30 of
“JISHOUKANRENDENI (ERP) MANYUARU-P300 WO
CHUSHINNI—(or  “Event-Related Potential (ERP)
Manual—mainly concerning P300-"), edited by Kimitaka
KAGA et al., Shinohara Shuppan Shinsha, 1995)”. There-
fore, in the present specification, the terms “about Xms” and
“near Xms” mean that a breadth of 30 to 50 ms may exist
before or after Xms (e.g., 100 ms+30 ms, 200 ms+50 ms).

“Speech discrimination ability” means an ability to dis-
criminate a speech sound.

An “occurrence frequency of a stimulation” means how
often each kind of stimulation is presented among plural
kinds of stimulations being presented. For example, when
two types of stimulations a “standard stimulation” and a
“deviant stimulation” (both will be described later) are to be
presented, setting the standard stimulation to an occurrence
frequency of 80% and the deviant stimulation to an occur-
rence frequency of 20% would mean that, when stimulations
are presented a total of 10 times, the standard stimulation
will have been presented 8 times, and the deviant stimulation
will have been presented 2 times. In the present disclosure,
there is no particular limitation as to the timing with which
each kind of stimulation is presented. Given a population of
1, the standard stimulation may be set to an occurrence
frequency of X (0<X<0.5) and the deviation may be set to
an occurrence frequency of (1-X).

In the present disclosure, an ERP which is induced by a
stimulation may be referred to as an “ERP corresponding to
the stimulation”.

A speech discrimination ability determination system
according to each embodiment described below presents a
speech sound to a user, analyzes the response (event-related
potential) of an electroencephalogram which is induced by
the speech sound stimulation, and determines a speech
discrimination ability of the user. Prior to the description of
the determination technique, the characteristics of an MMN
component of event-related potential to be utilized as an
index of speech discrimination ability will be generally
described. Then, a speech discrimination ability determina-
tion method which has been devised by the inventors will be
described in detail.

(Explanation of MMN Component)

An MMN component is a component of electroencepha-
logram that is induced when a user has discriminated a
change in sound stimulation while plural kinds of sound
stimulations which differ in frequency or sound pressure
(corresponding to the “standard stimulation” and the “devi-
ant stimulation” as defined in the present disclosure) are
presented to the user in chronological order, for example.
Generally speaking, in a situation where the standard stimu-
lation is being presented a plurality of times, an MMN
component is an amount of negative potential shift which is
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induced in a time range from 100 ms to 250 ms based on a
rarely-presented deviant stimulation as a starting point.

An MMN component is considered to reflect, when a first
stimulation and a second stimulation are consecutively pre-
sented, the course of a process of detecting a change, from
a trace of perceptual memory that is created by the first
stimulation, to the second stimulation.

A guideline has been proposed concerning a method of
measuring an MMN component (Duncan et al., Event-
related potentials in clinical research: Guideline for eliciting,
recording, and quantifying mismatch negativity, P300, and
N400, 2009).

An MMN component is derived by, when sound stimu-
lations of different occurrence frequencies are presented,
this being called an oddball paradigm, subtracting an elec-
troencephalographic response that is caused by the standard
stimulation being presented with a high occurrence fre-
quency (e.g. 80%) from an -electroencephalographic
response that is caused by the deviant stimulation being
presented with a low occurrence frequency (e.g. 20%). More
specifically, in the present disclosure, it is derived as: MMN
component=event-related potential which is induced by the
deviant stimulation-event-related potential which is induced
by the standard stimulation. Although pure tones are often
used as the standard stimulation and the deviant stimulation,
an MMN component will also be induced when sound
stimulations other than pure tones are used.

The deviant stimulation may be any stimulation which
differs to an extent that the participant can discriminate it
over the standard stimulation. For example, any stimulation
that differs from the standard stimulation in terms of fre-
quency, duration, intensity, presence or absence of gaps, etc.,
can be regarded as a deviant stimulation. Note that “gaps”
refer to the gaps between pulses in the case where one
stimulation is composed of a plurality of pulses, rather than
meaning the time interval between a plurality of stimula-
tions.

Moreover, a deviant stimulation may be established when,
in a situation where stimulations are being presented at
periodic time intervals, a stimulation is not presented at the
timing for presenting a stimulation. Since no actual stimu-
lation is made, such a stimulation is referred to as a missing
stimulation.

When measuring an MMN component, there is no need
for an experimental participant to pay attention to the task
during the measurement. Therefore, use of an MMN com-
ponent will be effective for evaluating the response of a
person who cannot maintain attention for a long time (i.e.,
an infant or a patient).

There are reports on the MMN component in the case
where speech sounds are used as sound stimulations. For
example, to Finnish speakers, Naatanen et. al presented a
standard stimulation of /e/, and a deviant stimulation of /O~/
(where “~” is actually over the “O”; the same will always
apply below), which is only found in the Estonian language,
or /Oe¢/ (where “**” is actually over the “O”; the same will
always apply below), which is found in the Finnish lan-
guage. In this case, although the physical difference between
the standard stimulation and the deviant stimulation was
greater with /O~/ than with /Oe¢/, a greater MMN compo-
nent existed for /O+/ (Naédtinen et al., Mismatch Negativ-
ity—The Measure for Central Sound Representation Accu-
racy, 1997). This indicates a possibility that an MMN
component can be used as a tool for examining a cerebral
process on language or a learning process.

In the conventional studies on the MMN component,
based on the premise that sound stimulations were audible to
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the participant, differences in the central process for sound
information which was input to the sensory system (e.g. a
difference between the mother language and another lan-
guage) were examined.

However, by using the conventional studies, it is difficult
to determine the discrimination ability of sound stimulations
with respect to a person suffering from hypacusia because a
person suffering from hypacusia may not hear, or have a
difficulty in hearing, a sound stimulation depending on
conditions, e.g., the frequency band.

As mentioned above, an MMN component is also induced
by a missing stimulation. Therefore, if any of the sound
stimulations that were presented in order to examine dis-
crimination ability was not heard, the event that it was not
heard serves as a missing stimulation to induce an MMN
component.

Therefore, with respect to a person suffering from hypa-
cusia, it is impossible to make any distinction between an
MMN component which is induced because of a discrimi-
nation between the two kinds of sound stimulations being
correctly made and an MMN component which is induced
because of one of the sound stimulations not being heard.
This leads to a possibility that, even if a sound stimulation
is not heard, the wrong determination may be made that
there exists discrimination ability.

This is a problem which does not manifest itself until
attempting to determine a speech-sound discrimination abil-
ity by using speech sounds, of which frequency and intensity
are difficult to control, as sound stimulations.

There is another problem in determining speech discrimi-
nation ability based on an MMN component as an index,
when different speech sounds are used as the standard
stimulation and the deviant stimulation.

That is, it becomes more difficult to determine the pres-
ence or absence of an MMN component. A large difference
exists between the physical characteristics of a standard
stimulation and the physical characteristics of a deviant
stimulation. As used herein, the physical characteristics may
be changes over time in frequency construction and inten-
sity, for example. These differences exert a great influence
(difference) on the ERP that is induced by each stimulation.
It is difficult to identify whether a difference in event-related
potential has been induced purely by the deviant stimulation,
or by the physical characteristics of the speech sound. That
is, determination of the presence or absence of an MMN
component is also made difficult. This results in a possibility
that the result of discrimination ability determination may be
more erroneous. In an audio, changes over time in its
frequency construction and intensity constitute its own
information; therefore, audios that have been modified to
equalize these may make it difficult to determine speech
discrimination ability.

(Findings of the Inventors)

In view of the above two problems, the inventors have
devised a novel method of determining speech discrimina-
tion ability which reduces misdeterminations due to the
influence of sound stimulations not being heard and the
influence of greatly differing physical characteristics of
sound stimulations.

First, in order to solve the problem of misdetermination of
discrimination ability due to sound stimulations not being
heard, the inventors have devised a method which involves
conducting a hearing determination using an N1 component
of ERP prior to a discrimination determination based on an
MMN component.

Next, in order to solve the problem of misdetermination
due to differences in physical characteristics between a
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plurality of speech sound stimulations, the inventors have
defined a trial block in which a speech sound is used as the
standard stimulation and a trial block in which the same
speech sound is used as the deviant stimulation. Then, they
have devised a method of subtracting an ERP corresponding
to the standard stimulation from an ERP corresponding to
the deviant stimulation, and determining the presence or
absence of an MMN component using this subtraction
waveform.

By utilizing these methods, a technique of determining
speech discrimination ability of a person suffering from
hypacusia by using ERP is realized for the first time. The
inventors have also found that a relatively high determina-
tion precision can be maintained. These will be described in
detail below. For convenience of explanation, the latter
method will be described first.

FIGS. 1A to 1C show two kinds of stimulations that are
presented for MMN measurement, and imaginary ERP
waveforms to be induced by such stimulations.

FIG. 1A shows standard stimulations (Ag) and deviant
stimulations (B;) in an MMN component measurement. In
the present application, different kinds of sound stimulations
are distinguished by letters A and B, and the standard
stimulation and the deviant stimulation are distinguished by
subscripts S and T.

FIG. 1A shows an example where the standard stimula-
tion (Ag) is presented with a high occurrence frequency
while the deviant stimulation (B;) is presented with a low
occurrence frequency. An MMN component is induced
when the standard stimulation is presented with a high
occurrence frequency and the deviant stimulation is pre-
sented with a low occurrence frequency. Usually, an MMN
can be determined from eq. 1 below.

MMN=(ERP induced by B;)—-(ERP induced by 4g) (eq. 1)

As expressed by eq. 1, the MMN component is obtained
by subtracting an ERP corresponding to the standard stimu-
lation from an ERP corresponding to the deviant stimulation.
FIG. 1B shows an imaginary ERP waveform in the case
where there is little difference between the physical charac-
teristics of the standard stimulation and the physical char-
acteristics of the deviant stimulation, whereas FIG. 1C
shows an imaginary ERP waveform in the case where the
difference is large. Each shows a time waveform whose
starting point is defined by the point of presenting each
stimulation.

As indicated by the above guideline, when there is little
difference in physical characteristics between the standard
stimulation and the deviant stimulation (FIG. 1B), there is
hardly any influence of the physical characteristics of the
sound stimulations, and thus it is easy to determine the
presence or absence of an MMN component.

Now, the standard stimulation and the deviant stimulation
having little difference in physical characteristics means, for
example, their frequencies being within 10% of each other
(e.g., a standard stimulation of 1000 Hz and a deviant
stimulation of 1100 Hz) or their sound pressures being
within 10% of each other (e.g., a standard stimulation of 60
dBSPL and a deviant stimulation of 66 dBSPL). Whenever
the difference between the standard stimulation and the
deviant stimulation cannot be considered little, it is to be
considered as falling into the case of greatly differing
physical characteristics, which will be described next.

When the physical characteristics of frequency and inten-
sity greatly differ, as is the case with speech sounds (FIG.
1C), it is difficult to determine the presence or absence of an
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MMN component. It is considered that use of speech sounds
as sound stimulations will often result into the case of FIG.
1C.

It must be noted here that the electroencephalographic
response of a test subject would differ depending on the
physical characteristics of each of sound stimulations A and
B. This makes it difficult, when the electroencephalogram
that is induced by the standard stimulation A differs from
the electroencephalogram that is induced by the deviant
stimulation B, to distinguish whether it is a difference in
electroencephalographic response that is associated with
deviation or a difference that is associated with the physical
characteristics of the sound stimulations.

Therefore, the inventors have devised a method where an
ERP is measured in both a trial block in which a certain
speech sound is presented as the standard stimulation and a
trial block in which the same speech sound is presented as
the deviant stimulation, such that a difference between the
same sound stimulation being the deviant stimulation or the
standard stimulation is defined as an MMN component.

FIG. 2A shows an MMN component measurement para-
digm which has been devised by the inventors, and imagi-
nary results thereof.

In FIG. 2B, the ERP caused by A in Trial block 1 and the
ERP corresponding to A ,in Trial block 2 are compared, thus
measuring a discrimination ability between sound stimula-
tion A and sound stimulation B. Sound stimulation A and
sound stimulation A, are identical in physical characteris-
tics.

An electroencephalogram caused by sound stimulation A
is measured in Trial block 1, which is an environment where
sound stimulation A steadily occurs, and an electroencepha-
logram is measured when sound stimulation A occurs in
Trial block 2, which is an environment where sound stimu-
lation B steadily occurs; and a difference MMN(A, B)
therebetween is measured as indicated by eq. 2.

MMN(4,B)=(ERP caused by 4 )—-(ERP caused by
4s) (eq. 2)
If the test subject is able to recognize that sound stimu-
lation A is distinct from sound stimulation B in the sound
stimulation B environment, then the value of MMN(A, B)
will be more negative than a predetermined value.
Similarly, in FIG. 2C, in order to measure a discrimination
ability for sound stimulation B, MMN(B, A) is measured as
indicated by eq. 3.

MMN(B,4)=(ERP caused by Bp-(ERP caused by
Bs) (eq. 3)
Then, as indicated by eq. 4, Sum, which is a sum of
MMN(A,B) and MMN(B,A), is determined. Sum is a math-
ematical expression used in MMN determination.

Sum=MMN(4, B)+MMN(B,4) (eq. 4)

The result from eq. 4 is subjected to threshold processing
to determine the presence or absence of an MMN. If it is
greater than a predetermined threshold value (criterion), it is
determined that an MMN component is absent, and if it is
equal to or less than the predetermined threshold value
(criterion), it is determined that an MMN component is
present.

By doing so, it becomes possible to determine the pres-
ence or absence of an MMN component away from the
influence that different physical characteristics of sound
stimulations would exert on an evoked response, whereby
misdetermination is reduced.

For example, the presence or absence of an MMN com-
ponent is determined depending on whether a negative
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component around a latency of about 200 ms, in a subtrac-
tion waveform obtained by subtracting an ERP caused by the
standard stimulation from an ERP caused by the deviant
stimulation, is smaller than a predetermined criterion or not.
Specifically, if the potential of the negative component
around a latency of about 200 ms is greater than the
predetermined criterion, it is determined that an MMN
component is absent; if it is equal to or less than the
predetermined criterion, it is determined that an MMN
component is present.

In the case of using the amplitude of a negative compo-
nent (i.e., the absolute value of a negative component) to
determine the presence or absence of an MMN component,
the presence or absence of an MMN component may be
determined based on whether the absolute value of the
negative component is greater than a predetermined criterion
or not. For example, if the amplitude of the negative
component is equal to or greater than the predetermined
criterion, it may be determined that an MMN component is
present; if the amplitude of the negative component is
smaller than the predetermined criterion, it may be deter-
mined that an MMN component is absent. Alternatively, the
amplitude of the waveforms of the standard stimulation and
the deviant stimulation or the subtraction waveform around
a latency of about 200 ms may be subjected to linear
discrimination.

As for the waveform of the ERP corresponding to sound
stimulation A in Trial block 1, it is desirable to use a
waveform which is as immune to B, stimulation as possible.
Specifically, a steady electroencephalogram measurement
with respect to A, would be enabled by avoiding the use of
the response caused by any A that immediately follows the
presentation of B, sound stimulation. As shown in FIG. 16,
rather than effecting separation into Trial block 1 and Trial
block 2, sound stimulation A and sound stimulation B may
be presented in random order, such that when one of the
stimulation keeps occurring a plurality of times, the second
and subsequent stimulations are regarded as standard stimu-
lations, and that, after the one stimulation has kept occurring
a plurality of times, if the other stimulation is presented, this
is regarded as a deviant stimulation.

FIG. 3 shows a method of determining speech discrimi-
nation ability based on the presence or absence of an MMN
component in the paradigm which has been conceived by the
inventors. FIG. 3 shows determination results when two
kinds of sound stimulations are used for instance. The
determination results respectively indicating presence and
absence of an MMN component for each of speech sound A
and speech sound B produce the four statuses shown in FIG.
3. For example, if an MMN component is induced for both
of speech sound A and speech sound B, it is determined that
the user discriminates the speech sounds.

On the other hand, if an MMN component is induced for
neither speech sound A nor speech sound B, it is determined
that the user does not discriminate the speech sounds.
Furthermore, if an MMN component is induced for only one
of them, it is determined that there may possibly be no
discrimination ability; or more simply, it may be determined
that there is no discrimination ability. In this case, in order
to realize a more precise determination of discrimination
ability, electroencephalogram measurement may be contin-
ued and stimulation may be repeated until an identical result
as to the presence or absence of an MMN component is
reached for both sound stimulations.

Next, a method of reducing misdetermination due to the
sound stimulations not being heard by the user will be
described. The inventors have arrived at the concept of
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providing a step of determining whether a sound stimulation
is heard by the user with the use of an N1 component of ERP
corresponding to the sound stimulation. Since an N1 com-
ponent is induced as a reflection of an auditory input
reaching the cerebral cortex, a determination as to being
heard or not heard can be made based on the N1 component
as an index.

In order to realize a highly precise determination free
from the influence of noises that mix into the electroen-
cephalogram, the ERP to be used for determining the pres-
ence or absence of an N1 component may be obtained by
taking an arithmetic mean for each kind of stimulation,
irrespective of standard stimulation or deviant stimulation.
Moreover, in order to account for the influence of habitua-
tion of electroencephalogram due to repetition of standard
stimulations, an ERP corresponding to the current sound
stimulation may be subjected to arithmetic mean only when
the current sound stimulation differs from the immediately
previous sound stimulation, and the presence or absence of
an N1 component may be determined from such ERP.

FIG. 4 shows a method of speech discrimination ability
determination that has been devised by the inventors, which
is based on the presence or absence of an N1 component and
the presence or absence of an MMN component. For sim-
plicity of explanation, the presence or absence of an MMN
component will be determined as follows: it is present if an
MMN component is induced for both sound stimulations in
FIG. 3; otherwise, it is absent. When an N1 component has
been induced to every speech sound that has been presented
as a sound stimulation, based on the presence or absence of
an MMN component, a “correctly discriminated” determi-
nation is made if an MMN component is present, and a
“heard but not discriminated” determination is made if an
MMN component is absent.

If an N1 component has not been induced for either sound
stimulation but an MMN component is present, then it is
determined that one of the consonant is not heard. If an N1
component is induced for none of the sound stimulations and
an MMN component is absent, it is determined that none of
the consonants is heard. If an N1 component is not induced
for any consonant and an MMN component is absent, and
also if an N1 component is induced for none of the sound
stimulations but an MMN component is present, it is deter-
mined that the electroencephalogram is not being properly
measured. In this case, electroencephalogram measurement
may be repeated until any other determination result is
obtained.

Hereinafter, a method of hearing aid gain adjustment
based on results of speech discrimination ability determina-
tion will be described. Note that “gain” means an amount by
which a sound is amplified (amount of gain).

From conventional studies concerning audio, it is known
that the transient characteristics of formants when a transi-
tion occurs from a consonant to a subsequent vowel serve a
large role in speech sound discrimination.

Therefore, in the present specification, sounds including
consonants as well as a transient state from any consonant to
any vowel are used as sound stimulations for speech dis-
crimination ability determination. However, this is an
example. Each sound stimulation may be an entire speech
sound including a vowel, or each sound stimulation may be
a sound in a predetermined time range from the rise of a
consonant.

The inventors have considered that it is possible to
improve the speech discrimination ability through a gain
adjustment of the frequencies of formants of a sound stimu-
lation including a transient state from a consonant to a



US 9,479,880 B2

11

vowel. Formant are peaks in an audio spectrum, denoted as
first, second, and so on in ascending order of frequency. The
formant frequency relates to the vocal tract shape, and
individual differences and gender differences also contribute
to formant differences.

FIG. 5 shows formants of voiced plosive/affricative/
fricative (b/d/g group), nasals (m/n group), and unvoiced
consonants (k/t/p group), which are difficult to hear for a
person with sensorineural hearing loss and likely to cause
confusions (Kazuo NAKATA, audio, 1977, P165). In FIG. 5,
the vertical axis represents frequency, and the horizontal axis
represents time. In FIG. 5, solid lines indicate formants of
each speech sound.

In each graph of FIG. 5, a broken line at the left end
represents the start time of a consonant; the middle broken
line represents the start time of a vowel; and the span from
the broken line at the left end to the middle broken line
represents a transient state from the consonant to the vowel.
As shown in FIG. 5, among the speech sounds within each
group, the formants have different transient characteristics.
In particular, the transient characteristics of the second and
third formants significantly differ in the b/d/g group and in
the m/n group, whereas the frequency of the second formant
significantly differs in the m/n group.

For example, assume that, when /g/ and /d/ are used as
sound stimulations, an N1 component was induced for both,
but no MMN component was induced. In this case, the gain
is to be enhanced at the frequencies of the second and third
formants, which exhibit significant differences between /g/
and /d/. The frequency of the second or third formant to be
subjected to gain adjustment may be the center frequency of
the frequency band of the transient state, or the first fre-
quency of the transient state, for example. Alternatively, it
may be the frequency of any formant in a predetermined
time from the beginning of the consonant, or the frequency
band across the entire transient state may be subjected to
gain adjustment. Alternatively, when an N1 component was
induced for neither, for example, an adjustment may be
made to increase the overall gain, irrespective of the formant
frequencies of the sound stimulation.

According to the above findings of the inventors, one
implementation of the present invention for realizing speech
discrimination ability determination is as follows, in outline.

A speech discrimination ability determination system as
one implementation of the present invention comprises: a
biological signal measurement section for measuring an
electroencephalogram signal of a user; a sound stimulation
determination section for, by referring to a speech sound
database storing information of a plurality of speech sounds,
determining a first speech sound and a second speech sound
which are different from each other; an output section for
switching between: a first trial in which the first speech
sound is output with a first occurrence frequency and the
second speech sound is output with a second occurrence
frequency different from the first occurrence frequency; and
a second trial in which the first speech sound is output with
the second occurrence frequency and the second speech
sound is output with the first occurrence frequency; an
event-related potential acquisition section for acquiring
event-related potential contained in the electroencephalo-
gram signal, the event-related potential acquisition section
acquiring: an event-related potential based on a point of
outputting the first speech sound being output with the first
occurrence frequency as a starting point; an event-related
potential based on a point of outputting the first speech
sound being output with the second occurrence frequency as
a starting point; an event-related potential based on a point
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of outputting the second speech sound being output with the
first occurrence frequency as a starting point; and an event-
related potential based on a point of outputting the second
speech sound being output with the second occurrence
frequency as a starting point; an MMN determination sec-
tion for, with respect to each of the first speech sound and the
second speech sound, acquiring difference information
between the event-related potential acquired during its out-
put with the first occurrence frequency and the event-related
potential acquired during its output with the second occur-
rence frequency, and determining whether a negative com-
ponent exists in the difference information in predetermined
time ranges after the first speech sound and the second
speech sound are output; and a discrimination ability deter-
mination section for, when a determination result by the
MMN determination section indicates that the negative
component exists, determining that the user discriminates
the first speech sound and the second speech sound.

In one embodiment, for example, the output section
outputs the first speech sound and the second speech sound
with the first occurrence frequency being X (0<X<0.5) and
the second occurrence frequency being (1-X).

In one embodiment, for example, the MMN determination
section determines that the negative component exists when
determining that an event-related potential which is equal to
or less than a predetermined threshold value exists in the
difference information in the predetermined time ranges
after the first speech sound and the second speech sound are
output, and that the negative component does not exist when
determining that an event-related potential which is greater
than the predetermined threshold value exists.

In one embodiment, for example, the predetermined time
range is a time range from 100 ms to 250 ms.

In one embodiment, the system further comprises an N1
determination section for determining whether an N1 com-
ponent exists in a time range from 50 ms to 150 ms based
on a point in time of outputting each of the first speech sound
and the second speech sound as a starting point, the N1
component being a negative component of event-related
potential, wherein, when a determination result by the N1
determination section indicates that the N1 component exists
and the determination result by the MMN determination
section indicates that the negative component exists, the
discrimination ability determination section determines that
the user discriminates the first speech sound and the second
speech sound.

In one embodiment, for example, the N1 determination
section determines that the N1 component exists when
determining that an event-related potential which is equal to
or less than a predetermined threshold value exists in
predetermined time ranges after the first speech sound and
the second speech sound are output, and that the N1 com-
ponent does not exist when determining that an event-related
potential which is greater than the predetermined threshold
value exists.

In one embodiment, for example, when the determination
result by the N1 determination section indicates that the N1
component exists and the determination result by the MMN
determination section indicates that the negative component
does not exist, the discrimination ability determination sec-
tion determines that the user hears the first speech sound and
the second speech sound but does not discriminate between
the first speech sound and the second speech sound.

In one embodiment, the system further comprises an N1
determination section for determining whether an N1 com-
ponent exists in a time range from 50 ms to 150 ms based
on a point in time of outputting each of the first speech sound



US 9,479,880 B2

13

and the second speech sound as a starting point, the N1
component being a negative component of event-related
potential, wherein, when a determination result by the N1
determination section indicates that the N1 component does
not exist for either one of the first speech sound and the
second speech sound and the determination result by the
MMN determination section indicates that the negative
component exists, the discrimination ability determination
section determines that the user does not discriminate either
one of the first speech sound and the second speech sound.

In one embodiment, the system further comprises an N1
determination section for determining whether an N1 com-
ponent exists in a time range from 50 ms to 150 ms based
on a point in time of outputting each of the first speech sound
and the second speech sound as a starting point, the N1
component being a negative component of event-related
potential, wherein, when the determination result by the N1
determination section indicates that the N1 component exists
for either one of the first speech sound and the second speech
sound and the determination result by the MMN determi-
nation section indicates that the negative component does
not exist, the discrimination ability determination section
determines that the biological signal measurement section is
not properly measuring the electroencephalogram signal.

In one embodiment, the system further comprises an N1
determination section for determining whether an N1 com-
ponent exists in a time range from 50 ms to 150 ms based
on a point in time of outputting each of the first speech sound
and the second speech sound as a starting point, the N1
component being a negative component of event-related
potential, wherein, when the determination result by the N1
determination section indicates that the N1 component exists
for neither the first speech sound nor the second speech
sound and the determination result by the MMN determi-
nation section indicates that the negative component exists,
the discrimination ability determination section determines
that the biological signal measurement section is not prop-
erly measuring the electroencephalogram signal.

In one embodiment, the system further comprises a gain
determination section for deciding an increase in a gain
concerning a frequency at which a large formant frequency
differences exists between the first speech sound and the
second speech sound when the determination result by the
discrimination ability determination section indicates that
the user does discriminates neither the first speech sound nor
the second speech sound.

In one embodiment, the system comprises a gain deter-
mination section for deciding an increase in gain across all
audible frequencies when the determination result by the
discrimination ability determination section indicates that
the user hears neither the first speech sound nor the second
speech sound.

In one embodiment, for example, the output section
performs the first trial, and after the number of times of
outputting the first speech sound has reached a predeter-
mined number of times, switches from the first trial to the
second trial.

A speech discrimination ability determination apparatus
as another implementation of the present invention is a
speech discrimination ability determination apparatus for
use in a speech discrimination ability determination system
that switches between: a first trial in which a first speech
sound is output with a first occurrence frequency and the
second speech sound is output with a second occurrence
frequency different from the first occurrence frequency; and
a second trial in which the first speech sound is output with
the second occurrence frequency and the second speech
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sound is output with the first occurrence frequency, com-
prising: an event-related potential acquisition section for
acquiring event-related potential contained in an electroen-
cephalogram signal measured by a biological signal mea-
surement section, the event-related potential acquisition
section acquiring: an event-related potential based on a point
of outputting the first speech sound being output with the
first occurrence frequency as a starting point; an event-
related potential based on a point of outputting the first
speech sound being output with the second occurrence
frequency as a starting point; an event-related potential
based on a point of outputting the second speech sound
being output with the first occurrence frequency as a starting
point; and an event-related potential based on a point of
outputting the second speech sound being output with the
second occurrence frequency as a starting point; an MMN
determination section for, with respect to each of the first
speech sound and the second speech sound, acquiring dif-
ference information between the event-related potential
acquired during its output with the first occurrence fre-
quency and the event-related potential acquired during its
output with the second occurrence frequency, and determin-
ing whether a negative component exists in the difference
information in predetermined time ranges after the first
speech sound and the second speech sound are output; and
a discrimination ability determination section for, when a
determination result by the MMN determination section
indicates that the negative component exists, determining
that the user discriminates the first speech sound and the
second speech sound.

A hearing aid gain determination apparatus as still another
implementation of the present invention is a hearing aid gain
determination apparatus for use in a speech discrimination
ability determination system that switches between: a first
trial in which a first speech sound is output with a first
occurrence frequency and the second speech sound is output
with a second occurrence frequency different from the first
occurrence frequency; and a second trial in which the first
speech sound is output with the second occurrence fre-
quency and the second speech sound is output with the first
occurrence frequency, comprising: an event-related poten-
tial acquisition section for acquiring event-related potential
contained in an electroencephalogram signal measured by a
biological signal measurement section, the event-related
potential acquisition section acquiring: an event-related
potential based on a point of outputting the first speech
sound being output with the first occurrence frequency as a
starting point; an event-related potential based on a point of
outputting the first speech sound being output with the
second occurrence frequency as a starting point; an event-
related potential based on a point of outputting the second
speech sound being output with the first occurrence fre-
quency as a starting point; and an event-related potential
based on a point of outputting the second speech sound
being output with the second occurrence frequency as a
starting point; an MMN determination section for, with
respect to each of the first speech sound and the second
speech sound, acquiring difference information between the
event-related potential acquired during its output with the
first occurrence frequency and the event-related potential
acquired during its output with the second occurrence fre-
quency, and determining whether a negative component
exists in the difference information in predetermined time
ranges after the first speech sound and the second speech
sound are output; a discrimination ability determination
section for, when a determination result by the MMN
determination section indicates that the negative component
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exists, determining that the user discriminates the first
speech sound and the second speech sound; and a gain
determination section for, by referring to a predetermined
determination criterion, determining a gain for a hearing aid
based on the difference information.

A speech discrimination ability determination method as
still another implementation of the present invention com-
prises the steps of: by referring to a speech sound database
storing information of a plurality of speech sounds, deter-
mining a first speech sound and a second speech sound
which are different from each other; measuring an electro-
encephalogram signal of a user; performing a first trial in
which the first speech sound is output with a first occurrence
frequency and the second speech sound is output with a
second occurrence frequency different from the first occur-
rence frequency; performing a second trial in which the first
speech sound is output with the second occurrence fre-
quency and the second speech sound is output with the first
occurrence frequency; acquiring event-related potential con-
tained in the electroencephalogram signal, the step acquir-
ing: an event-related potential based on a point of outputting
the first speech sound being output with the first occurrence
frequency as a starting point; an event-related potential
based on a point of outputting the first speech sound being
output with the second occurrence frequency as a starting
point; an event-related potential based on a point of output-
ting the second speech sound being output with the first
occurrence frequency as a starting point; and an event-
related potential based on a point of outputting the second
speech sound being output with the second occurrence
frequency as a starting point; with respect to each of the first
speech sound and the second speech sound, acquiring dif-
ference information between the event-related potential
acquired during its output with the first occurrence fre-
quency and the event-related potential acquired during its
output with the second occurrence frequency, and determin-
ing whether a negative component exists in the difference
information in predetermined time ranges after the first
speech sound and the second speech sound are output; and
when a determination result by the determining step indi-
cates that the negative component exists, determining that
the user discriminates the first speech sound and the second
speech sound.

A computer program as still another implementation of
the present invention is a computer program to be executed
by a computer mounted in a speech discrimination ability
determination apparatus of a speech discrimination ability
determination system, wherein the computer program causes
the computer to execute the steps of: receiving an electro-
encephalogram signal of a user measured by a biological
signal measurement section; by referring to a speech sound
database storing information of a plurality of speech sounds,
determining a first speech sound and a second speech sound
which are different from each other; performing a first trial
in which the first speech sound is output with a first
occurrence frequency and the second speech sound is output
with a second occurrence frequency different from the first
occurrence frequency; performing a second trial in which
the first speech sound is output with the second occurrence
frequency and the second speech sound is output with the
first occurrence frequency; acquiring event-related potential
contained in the electroencephalogram signal, the step
acquiring: an event-related potential based on a point of
outputting the first speech sound being output with the first
occurrence frequency as a starting point; an event-related
potential based on a point of outputting the first speech
sound being output with the second occurrence frequency as
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a starting point; an event-related potential based on a point
of outputting the second speech sound being output with the
first occurrence frequency as a starting point; and an event-
related potential based on a point of outputting the second
speech sound being output with the second occurrence
frequency as a starting point; with respect to each of the first
speech sound and the second speech sound, acquiring dif-
ference information between the event-related potential
acquired during its output with the first occurrence fre-
quency and the event-related potential acquired during its
output with the second occurrence frequency, and determin-
ing whether a negative component exists in the difference
information in predetermined time ranges after the first
speech sound and the second speech sound are output; and
when a determination result by the MMN determination
section indicates that the negative component exists, deter-
mining that the user discriminates the first speech sound and
the second speech sound.

Embodiment 1

Hereinafter, first, the speech discrimination ability deter-
mination system will be described in outline. Then, the
construction and operation of a speech discrimination ability
determination system including a speech discrimination
ability determination apparatus will be described.

FIG. 6 shows the functional block construction of a
speech discrimination ability determination system 100
according to the present embodiment.

The speech discrimination ability determination system
100 includes a sound stimulation output section 10, a
biological signal measurement section 50, and a speech
discrimination ability determination apparatus 1. The speech
discrimination ability determination apparatus 1 (hereinafter
abbreviated as the “determination apparatus 17) includes an
event-related potential acquisition section 55, an N1 deter-
mination section 60, an MMN determination section 65, a
discrimination ability determination section 70, a sound
stimulation determination section 80, and a speech sound
database (DB) 85. The user 5 block is shown for conve-
nience of explanation.

The determination apparatus 1 is connected to the sound
stimulation output section 10 and the biological signal
measurement section 50 in a wired or wireless manner.

To the user 5, the speech discrimination ability determi-
nation system 100 presents two or more kinds of speech
sounds as sound stimulations to be subjected to speech
discrimination ability determination. Based on the presence
or absence of an N1 component in the ERP corresponding to
each sound stimulation, it is determined whether the sound
stimulation is audible to the user 5 or not, and based on the
presence or absence of an MMN component, it is determined
whether the user discriminates the sound stimulations or not.
The respective component elements will be described in
detail later.

The determination apparatus 1 may at least include the
event-related potential acquisition section 55, the N1 deter-
mination section 60, the MMN determination section 65,
and the discrimination ability determination section 70. By
using the information of the sound stimulations which are
output from the sound stimulation output section 10, the
event-related potential acquisition section 55 calculates an
event-related potential from the -electroencephalogram
received from the biological signal measurement section 50.

<Environment of Use>

FIG. 7 shows an exemplary construction and environment
of use for the speech discrimination ability determination
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system 100 of the present embodiment. The speech discrimi-
nation ability determination system 100 corresponds to the
system construction of Embodiment 1 shown in FIG. 6.

The speech discrimination ability determination system
100 includes the determination apparatus 1, the sound stimu-
lation output section 10, and the biological signal measure-
ment section 50.

Although the determination apparatus 1 shown in FIG. 7
includes the biological signal measurement section 50 and
the sound stimulation output section 10 in the same housing,
the determination apparatus 1 may include the biological
signal measurement section 50 and the sound stimulation
output section 10 in separate housings. In that case, the
biological signal measurement section 50 would send a
measured electroencephalogram signal to the determination
apparatus 1 being connected in a wireless or wired manner.

<Speech Discrimination Ability Determination Apparatus
1 (Determination Apparatus 1)>

The determination apparatus 1 determines information of
sound stimulations to be output to the user 5.

The determination apparatus 1 determines the speech
sound, and presentation timing, of a sound stimulation for
speech discrimination ability determination. The sound
stimulation output section 10 presents the sound stimulation
which has been determined by the determination apparatus
1 to the user 5.

Moreover, from an event-related potential which has been
cut out based on the sound stimulation as a starting point, an
N1 component and an MMN component are extracted as
characteristic amounts for determining a speech discrimina-
tion ability, and their presence or absence is determined.
Then, from the presence or absence of an N1 component and
an MMN component, it is determined whether there exists
discrimination ability concerning the at least two or more
kinds of sound stimulations that have been presented.

<Hardware Construction of the Determination Apparatus
1>

FIG. 8 shows the hardware construction of the determi-
nation apparatus 1 of the present embodiment. The deter-
mination apparatus 1 includes a CPU 30, a memory 31, and
an audio controller 32. The CPU 30, the memory 31, and the
audio controller 32 are interconnected via a bus 34, so that
data exchange among them is possible.

The CPU 30 executes a computer program 35 which is
stored in the memory 31. A processing procedure as illus-
trated by a subsequently-described flowchart is described in
the computer program 35.

In accordance with the computer program 35, the deter-
mination apparatus 1 performs processes of controlling the
entire speech discrimination ability determination system
100, such as presentation of sound stimulations, extraction
of characteristic amounts of event-related potential, speech
discrimination ability determination, and hearing aid gain
determination, by utilizing a speech sound DB 85 which is
stored in the same memory 31.

In accordance with instructions from the CPU 30, the
audio controller 32 outputs each sound stimulation to be
presented with predetermined timing, via the sound stimu-
lation output section 10.

Note that the determination apparatus 1 may be imple-
mented as a piece of hardware (e.g., a DSP) consisting of a
semiconductor circuit having a computer program incorpo-
rated therein. Such a DSP can realize all functions of the
aforementioned CPU 30, memory 31, and audio controller
32 on a single integrated circuit.

The aforementioned computer program 35 may be dis-
tributed on the market in the form of a product recorded on
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a storage medium such as a CD-ROM or a flash memory, or
transmitted through telecommunication lines such as the
Internet. Upon reading the computer program 35, a device
having the hardware shown in FIG. 8 (e.g., a PC) is able to
function as the determination apparatus 1 according to the
present embodiment.

Note that the speech sound DB 85 may not be retained in
the memory 31, but may be stored on a hard disk (not
shown) which is connected to the bus 34, for example.

The respective functional blocks of the determination
apparatus 1 correspond to functions which are realized by
the CPU 30, the memory 31, and the audio controller 32 as
a whole upon executing the program which has been
described in conjunction with FIG. 8.

Hereinafter, the respective component elements of the
speech discrimination ability determination system 100 will
be described.

<Speech Sound DB 85>

The speech sound DB 85 retains information of two or
more kinds of speech sounds. The speech sound DB 85 at
least retains information of kinds of speech sounds.

FIG. 9 shows an example of information which is retained
in the speech sound DB 85 in the case where /g/ and /d/ are
used as sound stimulations. The sound stimulations retained
by the speech sound DB 85 include a consonant alone, a
sound composed of a consonant and a transient state from
the consonant to a vowel, an entire speech sound composed
of'a consonant and a vowel, and a sound in a predetermined
time range from the rise of a consonant.

For each kind of speech sound (“ga” and “da”), the speech
sound DB 85 shown in FIG. 9 retains an audio file and a
consonant label. The audio file data may be a consonant
alone, a sound composed of a consonant and a transient state
from the consonant to a vowel, an entire speech sound
composed of a consonant and a vowel, or a sound in a
predetermined time range from the rise of a consonant.

The audio file is an audio signal of a speech sound. For
example, the sound stimulation output section 10 (described
later) reproduces the audio signal to present a sound stimu-
lation. The audio file may contain audio information from
the beginning of a consonant to the beginning of a vowel.
For example, the audio file may be a standard-type test
audio, or the audio file may be a recorded audio containing
the voice of a person with whom conversations will mainly
take place when a hearing aid is worn.

It is desirable that the audio file is an audio signal of a
length of 25 ms or more, which is likely to induce an N1
component. Note that, so long as there are two or more of
them, the kinds of speech sounds to be stored may not be
limited to be within a confusable group; audio files of a
plurality of groups which are likely to induce confusion may
be stored.

Note that the determination apparatus 1 does not need to
include the speech sound DB 85 as a component element.
The speech sound DB 85 may be provided as a database on
a network, for example. The determination apparatus 1 may
wirelessly send or receive speech sound information in the
speech sound DB 85 provided on a network.

<Sound Stimulation Determination Section 80>

By referring to the speech sound DB 85, the sound
stimulation determination section 80 determines sound
stimulation information containing a plurality of speech
sounds. Examples of plurality of speech sounds will be
represented as a first speech sound (speech sound A) and a
second speech sound (speech sound B).

The sound stimulation information may contain the kinds
of speech sounds to be presented, the occurrence frequencies
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with which the plurality of speech sounds are to be pre-
sented, an ear to which the sound stimulations are to be
presented (the right ear or the left ear), and the timing of
presenting the sound stimulations. The sound stimulation
information at least contains information of the kinds of
speech sounds to be presented.

It is desirable that the kinds of speech sounds are selected
from within a range in which speech discrimination ability
is to be determined. For example, in the case of determining
the discrimination ability as to voiced plosive/affricative/
fricative (b/d/g group), which are likely to cause confusion
to a person with sensorineural hearing loss, speech sound b
and speech sound d may be selected from within the group,
for example.

The occurrence frequencies of the sound stimulations are
to be set so that a difference in occurrence frequency exists
between the standard stimulation and the deviant stimula-
tion, e.g., 80% for the standard stimulation and 20% for the
deviant stimulation. The standard stimulation may be any
stimulation having an occurrence frequency which is at least
greater than that of the deviant stimulation. Hereinafter, the
occurrence frequency of the standard stimulation may also
be referred to as the “first occurrence frequency”, and the
occurrence frequency of the deviant stimulation as the
“second occurrence frequency”. The first occurrence fre-
quency has a predetermined range, and the second occur-
rence frequency has a range which is smaller than the
predetermined range of the first occurrence frequency. For
example, the first occurrence frequency may be between
51% and 99%, and the second occurrence frequency may be
between 1% and 49%.

The standard stimulation and the deviant stimulation are
switched for every trial block. For example, if speech sound
b is the standard stimulation and speech sound d is the
deviant stimulation in the first trial block, then speech sound
d is the standard stimulation and speech sound b is the
deviant stimulation in the second trial block.

Switching between the first trial block and the second trial
block may be made at the timing when the deviant stimu-
lation reaches a predetermined number of summations, or
after the determination of the presence or absence of an N1
component and the presence or absence of an MMN com-
ponent (described later) has begun to produce stable results,
for example.

The predetermined number of times may be set to 150
times, for example.

The sound stimulations are presented to the ear of which
discrimination ability is to be determined. In the case where
determination is to be made for both ears, they are presented
to both ears. The presentation timing is set in a range of 250
ms or more, so that the interval between sound stimulations
will be longer than the latency of the MMN component. For
example, it may be set so that the interval between sound
stimulations is 500 ms.

The sound stimulations which are determined by the
sound stimulation determination section 80 are output to the
user 5 by the sound stimulation output section 10. At the
timing with which a sound stimulation is output, the sound
stimulation determination section 80 outputs a trigger signal
to the biological signal measurement section 50. The timing
that a sound stimulation is output is the point in time at
which its consonant rises.

The sound stimulation information may be sent to the
event-related potential acquisition section 55. The sound
stimulation information contains the kind of sound stimu-
lation presented, and information concerning the standard
stimulation or the deviant stimulation. Note that the sound
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stimulation determination section 80 may only send gener-
ated sound stimulation data to the sound stimulation output
section 10.

Note that the sound stimulation determination section 80
does not need to have a function of determining sound
stimulations by itself. For example, it may be able to receive
sound stimulation information via an input device not
shown. For example, information which has been input by
the user 5 or a person who tests the hearing of the user 5 may
be adopted as the sound stimulation information.

In other words, the determination apparatus 1 would be
able to function even if the sound stimulation determination
section 80 and the speech sound DB 85 did not exist.

<Sound Stimulation Output Section 10>

The sound stimulation output section 10 outputs a speech
sound determined by the sound stimulation determination
section 80 to the user 5. Each speech sound that is output
from the sound stimulation output section 10 includes a
consonant alone, a sound composed of a consonant and a
transient state from the consonant to a vowel, an entire
speech sound composed of a consonant and a vowel, or a
sound in a predetermined time range from the rise of a
consonant.

Note that the electroencephalogram signal contains vari-
ous information concerning e.g., the cerebral process of the
user 5 with respect to stimulations. Generally speaking,
vowels have larger sound pressure than do consonants, and
thus there is a possibility that event-related potential that is
induced by vowels or the like may be contained. When an
MMN component is acquired from the electroencephalo-
gram signal, other event-related potential components may
exert influences. Therefore, by outputting a sound stimula-
tion not including a vowel (e.g., a consonant alone, a sound
composed of a consonant and a transient state from the
consonant to a vowel, or a sound in a predetermined time
range from the rise), there emerges a possibility that influ-
ences of any other event-related potential may be reduced.

Moreover, by reducing the time of each sound stimula-
tion, the time required for speech discrimination ability
determination can be reduced.

The sound stimulation output section 10 outputs the
determined speech sounds at least through separation
between the first trial block and the second trial block. In the
first trial block, the first speech sound is output as the
standard stimulation, and the second speech sound is output
as the deviant stimulation. In the second trial block, the
second speech sound is output as the standard stimulation,
and the first speech sound is output as the deviant stimula-
tion.

It is preferable that the first occurrence frequency and
second occurrence frequency in the first trial block and the
first occurrence frequency and second occurrence frequency
in the second trial block are equal; however, they do not
need to be equal.

For example, the sound stimulation output section 10
reproduces sound stimulation data which is received from
the sound stimulation determination section 80 for presen-
tation to the user 5. Alternatively, the sound stimulation
output section 10 may externally acquire sound stimulation
data that corresponds to the speech sounds determined by
the sound stimulation determination section 80, for presen-
tation to the user 5.

The sound stimulation output section 10 may be head-
phones in the case of determining speech discrimination
ability as to either the right or left only, or may be a speaker
set in the case of determining speech discrimination ability
for both ears, for example. It is desirable to present any
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speech sound determined by the sound stimulation determi-
nation section 80 to the user 5 without allowing its frequency
characteristics to be distorted.

<Biological Signal Measurement Section 50>

The biological signal measurement section 50 is an elec-
troencephalograph which measures a biological signal of the
user 5.

The biological signal measurement section 50 measures
an electroencephalogram corresponding to a potential dif-
ference between a probe electrode and a reference electrode
attached on the user 5.

The probe electrode is set at an electrode position accord-
ing to the International 10-20 system shown in FIG. 11A, for
example. The probe electrode is set to the central portion Cz,
or the sinciput Fz, for example. The reference electrode is
placed at a mastoid of the user 5, for example.

Note that the level (amplitude level) and polarity (the
amplitude being plus or minus) of a characteristic compo-
nent of the event-related potential may possibly vary
depending on the sites at which electrodes for electroen-
cephalogram measurement are worn, and on the positions at
which the reference electrode and the probe eclectrode are
set.

However, based on the following description, those
skilled in the art should be able to extract a characteristic
feature of the event-related potential and perform a speech
discrimination ability determination by making appropriate
modifications in accordance with the particular reference
electrode and probe electrode used. Such variants are
encompassed within the present invention.

The electroencephalogram data may be subjected to fre-
quency filtering with an appropriate cutoff frequency. The
biological signal measurement section 50 sends the mea-
sured electroencephalogram or filtered electroencephalo-
gram to the determination apparatus 1 (event-related poten-
tial acquisition section 55). Hereinafter, information of a
measured or filtered electroencephalogram may also be
referred to as “electroencephalogram data”.

The electroencephalogram data contains event-related
potential. Event-related potential means a change in elec-
troencephalogram potential that occurs in response to a
given stimulation. For example, the type of an event-related
potential signal is determined based on (1) the polarity
(positive or negative) of potential, (2) latency (the time since
a stimulation until potential is induced), (3) the amplitude
level of the potential, and so on.

For example, the electroencephalogram data is subjected
to frequency filtering with an appropriate cutoff frequency,
and based on a trigger received from the determination
apparatus 1 (sound stimulation determination section 80) as
a starting point, an event-related potential in a predetermined
zone is cut out, and this waveform data (event-related
potential) is sent to the event-related potential acquisition
section 55. The predetermined zone is a zone including 0 ms,
based on the trigger as a starting point, to 250 ms, at which
an MMN component would be induced: e.g., a zone from
100 ms before the trigger to 500 ms after the trigger. The
trigger may be the point in time at which a consonant rises,
for example.

In the case where a band-pass filter is used as the
frequency filter, the cutoff frequency may be set so as to pass
e.g. 0.5 Hz to 20 Hz. It is assumed that the user 5 has worn
the electroencephalograph in advance.

<Event-Related Potential Acquisition Section 55>

In accordance with the information of sound stimulations
which has been output from the sound stimulation output
section 10, the event-related potential acquisition section 55
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acquires an event-related potential from the electroencepha-
logram (event-related potential) received from the biological
signal measurement section 50. The sound stimulation infor-
mation may be received from the sound stimulation deter-
mination section 80, or from the sound stimulation output
section 10.

The event-related potential acquisition section 55
acquires an event-related potential for each of the standard
stimulation and the deviant stimulation, and for each speech
sound constituting a sound stimulation. Alternatively, the
event-related potential acquisition section 55 may acquire an
event-related potential for each speech sound constituting a
sound stimulation, irrespective of the standard stimulation or
the deviant stimulation.

For instance, the following six are possible methods of
event-related potential calculation:

(1) irrespective of standard/deviant, obtain event-related
potential as an arithmetic mean of ERP corresponding to all
speech sounds A;

(2) irrespective of standard/deviant, obtain event-related
potential as an arithmetic mean of ERP corresponding to all
speech sounds B;

(3) obtain event-related potential as an arithmetic mean of
ERP corresponding to speech sounds A as standard stimu-
lations;

(4) obtain event-related potential as an arithmetic mean of
ERP corresponding to speech sounds B as deviant stimula-
tions;

(5) obtain event-related potential as an arithmetic mean of
ERP corresponding to speech sounds B as standard stimu-
lations; and

(6) obtain event-related potential as an arithmetic mean of
ERP corresponding to speech sounds A as deviant stimula-
tions.

The event-related potential acquisition section 55 sends
event-related potentials (1) and (2) to the N1 determination
section 60, and sends event-related potentials (3) to (6) to the
MMN determination section 65.

<N1 Determination Section 60>

From the event-related potential acquisition section 55,
the N1 determination section 60 receives an event-related
potential for each kind of sound stimulation, irrespective of
standard stimulation or deviant stimulation. Note that the N1
determination section 60 may receive an arithmetic-meaned
event-related potential. From the received event-related
potential, the N1 determination section 60 determines the
presence or absence of an N1 component for each sound
stimulation.

For example, the N1 determination section 60 determines
the presence or absence of an N1 component based on
whether or not a negative peak exists in the event-related
potential in a time range from 50 ms to 150 ms after the
sound stimulation.

If a negative peak exists, the presence of an N1 compo-
nent is determined; if no negative peak exists, the absence of
an N1 component is determined.

If a negative peak (negative peak potential) which is
smaller than a predetermined threshold value exists, it is
determined that a negative peak exists. On the other hand, if
a negative peak with an amplitude greater than the prede-
termined threshold value exists, it is determined that no
negative peak exists. Note that, in the case of using the
amplitude of a negative component (i.e., the absolute value
of a negative component) to determine the presence or
absence of an N1 component, the presence or absence of an
N1 component may be determined based on whether the
absolute value of the amplitude of the negative component



US 9,479,880 B2

23

is greater than a predetermined criterion or not. For example,
an N1 component may be determined as present when the
absolute value of the amplitude of the negative component
is equal to or greater than a predetermined criterion, and an
N1 component may be determined as absent when the
absolute value of the amplitude of the negative component
is smaller than the predetermined criterion. Note that, when
making an amplitude-based determination, it must be guar-
anteed that the electroencephalogram component is minus in
the time range which is utilized for determination after the
sound stimulation. Generally speaking, any electroencepha-
logram component in the aforementioned time range from
50 ms to 200 ms after a sound stimulation is minus. Thus,
it is possible to use a negative peak value, or use the
amplitude of a negative component.

The N1 determination section 60 determines the presence
or absence of an N1 component by using the peak potential
of a negative component, a zone average potential, or a
similarity level with respect to a template or the like.

For example, a zone average potential around a latency of
about 100 ms may be compared against a predetermined
threshold value to determine the presence or absence of an
N1 component. The zone average potential may be an
average potential in a time range based on a latency of about
100 ms. The predetermined threshold value may be O uV, for
example.

Moreover, the N1 determination section 60 may retain a
template of a waveform having an N1 component or a
waveform lacking an N1 component. The N1 determination
section 60 may determine the presence or absence of an N1
component by comparing the similarity level between the
received waveform and the template against a predetermined
threshold value.

In the present specification, the “event-related potential
which is equal to or less than a predetermined threshold
value”, which is utilized by the N1 determination section 60,
encompasses: an event-related potential of which the peak
potential of a negative component or a zone average poten-
tial in a time range based on a latency of about 100 ms is
equal to or less than a predetermined criterion; an event-
related potential of which the amplitude of a negative
component in a time range based on a latency of about 100
ms is equal to or greater than a predetermined criterion; and
an event-related potential whose similarity level with respect
to a predetermined template is equal to or greater than a
predetermined criterion. Moreover, an “event-related poten-
tial which is greater than the predetermined threshold
value”, which is utilized by the N1 determination section 60,
encompasses: an event-related potential of which the peak
potential of a negative component or a zone average poten-
tial in a time range based on a latency of about 100 ms is
greater than the predetermined criterion; an event-related
potential of which the amplitude of a negative component in
a time range based on a latency of about 100 ms is smaller
than the predetermined criterion; and an event-related poten-
tial whose similarity level with respect to a predetermined
template is smaller than the predetermined criterion.

The result of determining the presence or absence of an
N1 component is sent to the discrimination ability determi-
nation section 70. Note that the determination result as to the
presence or absence of an N1 component may be a negative
peak value, an average potential in a time range based on a
latency of about 100 ms, or a similarity level with respect to
a template, instead of information of the presence or absence
of an N1 component.

10

15

20

25

30

35

40

45

50

55

60

65

24

<MMN Determination Section 65>

For each kind of sound stimulation received from the
event-related potential acquisition section 55, the MMN
determination section 65 acquires difference information of
ERP corresponding to the standard stimulation from the ERP
corresponding to the deviant stimulation. The difference
information of event-related potential contains waveform
information of event-related potential, and information of a
potential value associated with latency.

When speech sound A and speech sound B are presented,
for example, the MMN determination section 65 subtracts
the ERP corresponding to speech sound A as the standard
stimulation in Trial block A, from the ERP corresponding to
speech sound A as the deviant stimulation in Trial block B.

The MMN determination section 65 makes a determina-
tion based on whether a negative component exists in a time
range from 150 ms to 250 ms in latency of the subtraction
waveform, specifically: that an MMN component is absent
if the peak potential of a negative component around a
latency of about 200 ms is greater than a predetermined
criterion; or that an MMN component is present if the peak
potential of a negative component around a latency of about
200 ms is equal to or less than the predetermined criterion.

In the case where the presence or absence of an MMN
component is determined by using the absolute value of the
amplitude of the negative component, the presence or
absence of an MMN component may be determined based
on whether the absolute value of the amplitude of the
negative component is greater than a predetermined criterion
or not. For example, it is determined that an MMN compo-
nent is present if the absolute value of the amplitude of the
negative component is equal to or greater than the prede-
termined criterion, and it is determined that an MMN
component is absent if the absolute value of the amplitude
of'the negative component is smaller than the predetermined
criterion.

Similarly to the N1 determination section 60, the MMN
determination section 65 determines the presence or absence
of an MMN component by using a negative component
peak, a zone average potential, or a similarity level with
respect to a template, as the value of a negative component
around a latency of about 200 ms.

For example, a zone average potential over a period of
time in latency from 100 ms to 250 ms may be calculated,
and it may be determined that an MMN component is
present if the zone average potential is equal to or less than
a predetermined threshold value, or that an MMN compo-
nent is absent if the zone average potential is greater than the
predetermined threshold value. Herein, the predetermined
threshold value may be 0 pV, for example.

In the present specification, the “event-related potential
which is equal to or less than a predetermined threshold
value”, which is utilized by the MMN determination section
65, encompasses: an event-related potential of which the
peak potential of a negative component or a zone average
potential in a time range around a latency of about 200 ms
is equal to or less than a predetermined criterion; an event-
related potential of which the amplitude of a negative
component in a time range around a latency of about 200 ms
is equal to or greater than a predetermined criterion; and an
event-related potential whose similarity level with respect to
a predetermined template is equal to or greater than a
predetermined criterion. Moreover, an “event-related poten-
tial which is greater than the predetermined threshold
value”, which is utilized by the MMN determination section
65, encompasses: an event-related potential of which the
peak potential of a negative component or a zone average
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potential in a time range around a latency of about 200 ms
is greater than the predetermined criterion; an event-related
potential of which the amplitude of an negative component
in a time range around a latency of about 200 ms is smaller
than the predetermined criterion; and an event-related poten-
tial whose similarity level with respect to a predetermined
template is smaller than the predetermined criterion.

When determining a discrimination ability with respect to
two kinds of sound stimulations, there may be cases where
an MMN component is determined as present for only one
of them; in those cases, it may be determined that an MMN
component is absent, and the determination that an MMN
component is present may be made only if an MMN
component is determined as present for all sound stimula-
tions. The determination result as to the presence or absence
of an MMN component is sent to the discrimination ability
determination section 70.

Note that the test time may be extended if the determi-
nation as to an MMN component in the ERP corresponding
to speech sound A is inconsistent with the determination as
to an MMN component in the ERP corresponding to speech
sound B.

The result of determining the presence or absence of an
N1 component is sent to the discrimination ability determi-
nation section 70. Note that the determination result as to the
presence or absence of an MMN component may be a
negative peak value, an average potential in a time range
based on a latency from 100 ms to 250 ms, or a template,
instead of information of the presence or absence of an
MMN component.

<Discrimination Ability Determination Section 70>

With reference to a predetermined determination crite-
rion, the discrimination ability determination section deter-
mines a speech discrimination ability from the presence or
absence of an N1 component as received from the N1
determination section 60, and the presence or absence of an
MMN component as received from the MMN determination
section 65.

FIG. 4 shows an exemplary predetermined determination
criterion.

Specifically, the case where an N1 component has
occurred for both speech sound A and speech sound B is
determined as “present” in FIG. 4. The case where an N1
component has occurred for only either one of speech sound
A and speech sound B is determined as “present for only one
of them” in FIG. 4. The case where an N1 component has
occurred for neither speech sound A nor speech sound B is
determined as “absent” in FIG. 4.

Six examples of determination results of speech discrimi-
nation ability based on the presence or absence of an N1
component and on the presence or absence of an MMN
component are shown below.

(1) If an N1 component has occurred for all speech sounds
and an MMN component is present, it is determined that
speech sound discrimination is correctly done. (2) If an N1
component has occurred for all speech sounds and an MMN
component is absent, it is determined that they are heard but
not discriminated. (3) If an N1 component has not occurred
for either sound stimulation and an MMN component is
present, it is determined that one of the consonant is not
heard. (4) If an N1 component has not occurred for either
sound stimulation and an MMN component is absent, it is
determined that the electroencephalogram is not being prop-
erly measured. (5) If an N1 component has occurred for
none of the sound stimulations and an MMN component is
present, it is determined that the electroencephalogram is not
being properly measured. (6) If an N1 component has
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occurred for none of the sound stimulations and an MMN
component is absent, it is determined that none of the
consonants is heard.

<Processing by the Speech Discrimination Ability Deter-
mination System 100>

Next, with reference to FIG. 10, a processing procedure
by the speech discrimination ability determination system
100 of FIG. 6 will be described. FIG. 10 is a flowchart
showing a procedure of processing by the speech discrimi-
nation ability determination system 100.

<Step S101>

By referring to the speech sound DB 85, the sound
stimulation determination section 80 determines information
of two or more kinds of sound stimulations to be presented
to the user 5.

The sound stimulation information contains the kinds of
speech sounds to be presented as sound stimulations, occur-
rence frequencies of the stimulations, the ear to which the
sound stimulations are to be presented (the right ear or the
left ear), and presentation timing. The sound stimulations
include a consonant alone, a sound composed of a consonant
and a transient state from the consonant to a vowel, an entire
speech sound composed of a consonant and a vowel, and a
sound in a predetermined time range from the rise of a
consonant.

The kinds of speech sounds constituting the sound stimu-
lations are selected from within a range in which speech
discrimination ability is to be determined. For example, in
the case of determining the discrimination ability as to
voiced plosive/affricative/fricative (b/d/g group), which are
likely to cause confusion to a person with sensorineural
hearing loss, speech sound b and speech sound d are selected
within the group, for example. The occurrence frequencies
of the sound stimulations are set so that a difference in
occurrence frequency exists between the standard stimula-
tion and the deviant stimulation, e.g., 80% for the standard
stimulation and 20% for the deviant stimulation.

<Step S102>

The sound stimulation output section 10 presents the first
speech sound determined by the sound stimulation determi-
nation section 80 as sound stimulations to the user 5, with
occurrence frequencies set for the first trial block.

For example, speech sound b is presented as the standard
stimulation with an occurrence frequency of 80%, and
speech sound d is presented as the deviant stimulation with
an occurrence frequency of 20%. The sound stimulations are
presented to the ear of which discrimination ability is to be
determined. In the case where determination is to be made
for both ears, they are presented to both ears. The presen-
tation timing is set so that the interval between sound
stimulations is 500 ms. Then, the sound stimulation deter-
mination section 80 outputs sound stimulations to the user 5
via the sound stimulation output section 10, and outputs
trigger signals to the biological signal measurement section
50 at that timing. Also, it sends the particulars of the sound
stimulations to the event-related potential acquisition sec-
tion 55. Particulars of a sound stimulation are information
concerning its consonant and it being standard or deviant.

<Step S103>

Based on each trigger of sound stimulation presentation
timing which was output by the sound stimulation determi-
nation section 80 at step S102 and step S103 as a starting
point, the biological signal measurement section 50 cuts out
an electroencephalogram in a time range from -100 to 500
ms, for example. The biological signal measurement section
50 sends the electroencephalogram having been cut out to
the event-related potential acquisition section 55. The elec-
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troencephalogram having been cut out may be not only an

electroencephalogram in a predetermined time range, but

also an electroencephalogram across an entire time range

within which a predetermined time range is marked up.
<Step S104>

Based on the electroencephalogram for each sound stimu-
lation received from the biological signal measurement
section 50 and the information of sound stimulation particu-
lars received from the sound stimulation determination
section 80, the event-related potential acquisition section 55
takes an arithmetic mean of the electroencephalogram to
calculate an event-related potential.

<Step S105>

The sound stimulation determination section 80 deter-
mines whether the deviant stimulation has reached a prede-
termined number of times. In the present embodiment, the
predetermined number of times is 150 times, for example.

If the predetermined number of times has not been
reached, the process returns to step S102; if it has been
reached, the process proceeds to step S106.

<Step S106>

The sound stimulation output section 10 presents the
second speech sounds determined by the sound stimulation
determination section 80 as sound stimulations to the user 5,
with occurrence frequencies set for the second trial block.

For example, speech sound d is presented as the standard
stimulation with an occurrence frequency of 80%, and
speech sound b is presented as the deviant stimulation with
an occurrence frequency of 20%. Otherwise, this is similar
to step S102.

<Steps S107 and S108>

The processes of steps S107 and S108 are respectively
identical to the processes of steps S103 and S104, and the
descriptions thereof are omitted.

<Step S109>

The sound stimulation determination section 80 deter-
mines whether the deviant stimulation has reached a prede-
termined number of times. In the present embodiment, the
predetermined number of times is 150 times, for example.

If the predetermined number of times has not been
reached, the process returns to step S106; if it has been
reached, the process proceeds to steps S110 and S111.

In order to determine the presence or absence of and N1
component and an MMN component, the following six
event-related potentials are separately calculated:

(1) irrespective of standard/deviant, obtain event-related
potential as an arithmetic mean of ERP corresponding to all
speech sounds A;

(2) irrespective of standard/deviant, obtain event-related
potential as an arithmetic mean of ERP corresponding to all
speech sounds B;

(3) obtain event-related potential as an arithmetic mean of
ERP corresponding to speech sounds A as standard stimu-
lations;

(4) obtain event-related potential as an arithmetic mean of
ERP corresponding to speech sounds B as deviant stimula-
tions;

(5) obtain event-related potential as an arithmetic mean of
ERP corresponding to speech sounds B as standard stimu-
lations; and

(6) obtain event-related potential as an arithmetic mean of
ERP corresponding to speech sounds A as deviant stimula-
tions.

The event-related potential acquisition section 55 sends
event-related potentials (1) and (2) to the N1 determination
section 60, and event-related potentials (3) to (6) to the
MMN determination section 65.
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<Step S110>

Based on the event-related potential received from the
event-related potential acquisition section 55, which has
been arithmetic-meaned for each kind of sound stimulation
irrespective of standard stimulation or deviant stimulation,
the N1 determination section 60 determines the presence or
absence of an N1 component for each sound stimulation.

Based on whether a negative peak exists in the event-
related potential around a latency of about 100 ms, the
determination of the presence or absence of an N1 compo-
nent is done, wherein, if a negative peak exists, the presence
of an N1 component is determined; if no negative peak
exists, the absence of an N1 component is determined.

For example, a zone average potential around a latency of
about 100 ms may be calculated, and a determination of the
presence or absence of an N1 component may be made that:
an N1 component is present if the zone average potential is
smaller than a predetermined threshold value; or an N1
component is absent if it is greater than the predetermined
threshold value. The predetermined threshold value may be
0 pV, for example. Then, the result of determining the
presence or absence of an N1 component is sent to the
discrimination ability determination section 70.

<Step S111>

For each kind of sound stimulation received from the
event-related potential acquisition section 55, the MMN
determination section 65 subtracts the response to the stan-
dard stimulation from that of the deviant stimulation.

For example, when speech sound A and speech sound B
are presented, the response to speech sound A as the standard
stimulation is subtracted from that of speech sound A as the
deviant stimulation. Then, based on whether a negative
component exists in the electroencephalogram in a time
range from about 150 ms to 250 ms in latency of the
subtraction waveform, an MMN component is determined
as present if a negative component exists, and an MMN
component is determined as absent if it does not exist.

When determining a discrimination ability with respect to
two kinds of sound stimulations, there may be cases where
an MMN component is determined as present for only one
of them; in those cases, it may be determined that an MMN
component is absent, and the determination that an MMN
component is present may be made only if an MMN
component is determined as present for all sound stimula-
tions. The determination result as to the presence or absence
of an MMN component is sent to the discrimination ability
determination section 70.

<Step S112>

The discrimination ability determination section 70 deter-
mines a speech-sound discrimination ability, from the pres-
ence or absence of an N1 component and the presence or
absence of an MMN component as received from the N1
determination section 60 and the MMN determination sec-
tion 65.

Specifically, speech-sound discrimination ability is deter-
mined by using the determination criterion in FIG. 4
described above. When an N1 component is induced for all
auditory stimulations, based on the presence or absence of
an MMN component, a “correctly discriminated” determi-
nation is made if an MMN component is present, and a
“heard but not discriminated” determination is made if an
MMN component is absent. Moreover, if an N1 component
has not been induced for either auditory stimulation but an
MMN component is present, then it is determined that one
of the consonant is not heard. If an N1 component has been
induced for none of the auditory stimulations and an MMN
component is absent, it is determined that none of the
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consonants is heard. If an N1 component has not been
induced for either consonant and an MMN component is
absent, and also if an N1 component has been induced for
none of the auditory stimulations but an MMN component
is present, it is determined that the electroencephalogram is
not being properly measured. In this case, electroencepha-
logram measurement may be repeated until any other deter-
mination result is obtained. Then, the result of discrimina-
tion ability determination is retained in a non-volatile
memory (not shown), for example. Alternatively, the deter-
mination apparatus 1 may output the result of discrimination
ability determination to an external device. The external
device would be able to determine the gain of a hearing aid
by using the determination result.

With the speech discrimination ability determination sys-
tem 100 of the present embodiment, two or more kinds of
speech sounds, from the beginning of a consonant and
inclusive of a transient state until the beginning of a vowel,
are presented as sound stimulations, with a difference in
occurrence frequency therebetween, and based on the pres-
ence or absence of and N1 component and an MMN
component in the ERP corresponding to the sound stimula-
tions, speech discrimination ability is determined. As a
result, a speech discrimination ability determination can be
made with a high precision.

In the description of the present embodiment, it is illus-
trated that the biological signal measurement section 50 cuts
out an event-related potential in a predetermined range
based on a trigger from the sound stimulation determination
section 80 as a starting point, and sends it to the event-
related potential acquisition section 55. However, this pro-
cess is an example. In another process, for example, the
biological signal measurement section 50 may constantly be
measuring electroencephalogram, while the event-related
potential acquisition section 55 may cut out any necessary
event-related potential and apply a baseline correction
thereto. With such construction, the sound stimulation deter-
mination section 80 does not need to send a trigger to the
biological signal measurement section 50, but may send a
trigger to the event-related potential acquisition section 55.

Variant of Embodiment 1

In Embodiment 1, the presence or absence of an N1
component is determined while expecting that sound stimu-
lations may not be heard by the user in some cases. The
presence of an N1 component is regarded as indicating that
a sound stimulation is audible, then followed by an MMN
component determination process.

Also expectable are, certainly, cases where sound stimu-
lations are previously known to be perceivable. It is guar-
anteed in those cases that no missing stimulations exist, and
thus it may be said that there is no need to determine the
presence or absence of an N1 component. A guarantee that
there exist no missing stimulations may be obtained by
confirming through advance subjective reporting as to
whether sound stimulations are audible or not, for example,
to know for sure that all sound stimulations are audible.

Accordingly, a possible variant of Embodiment 1 is a
speech discrimination ability determination system lacking
the N1 determination section 60.

FIG. 12 shows the construction of a speech discrimination
ability determination system 150, from which the N1 deter-
mination section 60 is omitted. In the speech discrimination
ability determination system 150, the discrimination ability
determination section 70 determines a speech discrimination
ability based on the presence or absence of an MMN
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component as determined by the MMN determination sec-
tion 65 and on the determination criterion shown in FIG. 3.

The speech discrimination ability determination apparatus
15 may at least include the event-related potential acquisi-
tion section 55, the MMN determination section 65, and the
discrimination ability determination section 70. As has been
described in connection with Embodiment 1, the sound
stimulation determination section 80 and the speech sound
DB 85 may not be essential.

The procedure of processing by the speech discrimination
ability determination apparatus 15 is realized through steps
S101 to S112 in FIG. 10, excluding step S110.

Embodiment 2

In order to provide an improved discrimination ability, a
speech discrimination ability determination system 200
according to Embodiment 2 determines how to adjust the
gain of a hearing aid for each frequency, from a result of
speech discrimination ability determination.

In addition to speech discrimination ability determination,
the speech discrimination ability determination system 200
of Embodiment 2 utilizes formant frequencies and intensi-
ties of sound stimulations, and determines a hearing aid gain
for each frequency, corresponding to a predetermined input
sound pressure.

In accordance with a result of speech discrimination
ability determination based on the presence or absence of
and N1 component and an MMN component, when it is
determined that speech discrimination ability is lacking, the
speech discrimination ability determination system 200 of
the present embodiment adjusts the gain of a hearing aid at
a frequency that is related to a formant of a speech sound
which has been presented as a sound stimulation.

FIG. 13 shows the functional block construction of the
speech discrimination ability determination system 200 of
the present embodiment.

The speech discrimination ability determination system
200 includes the sound stimulation output section 10, the
biological signal measurement section 50, and a hearing aid
gain determination apparatus 2. Hereinafter, the hearing aid
gain determination apparatus 2 will be abbreviated as the
“determination apparatus 2”. Blocks identical to those in
FIG. 6 will be denoted by identical numerals, with their
description omitted. Note that the determination apparatus 2
has a hardware construction as shown in FIG. 8. The
determination apparatus 2 according to the present embodi-
ment as shown in FIG. 13 is implemented as a result of
executing a program defining different processes from those
of the program 35 (FIG. 8).

The determination apparatus 2 according to the present
embodiment differs from the determination apparatus 1
according to Embodiment 1 in that a speech sound DB 86 is
provided instead of the speech sound DB 85, and a gain
determination section 75 is newly introduced.

Hereinafter, the speech sound DB 86 and the gain deter-
mination section 75 will be described.

<Speech Sound DB 86>

Similarly to the speech sound DB 85, the speech sound
DB 86 is a database which retains information of two or
more kinds of speech sounds to be presented as sound
stimulations. FIG. 14 shows an exemplary speech sound DB
86 in the case where /g/ and /d/ are used as speech sounds
to be tested, for example. One difference from the speech
sound DB 85 is that frequency and intensity information of
formants is retained for each speech sound.



US 9,479,880 B2

31

A frequency of a formant of a sound stimulation is, for
example, a numerical value that is determined by a peak
value in the spectrum envelope of an audio file at a prede-
termined timing since the beginning of the sound data. For
example, in order to determine the frequencies of the first to
third formants, three peaks of the spectrum envelope may be
ascertained in ascending order of frequency. Intensity is a
sound pressure at the frequency of each formant, and is
information that is measurable with a noise level meter
which is capable of measuring a sound pressure at each
frequency, for example.

<Gain Determination Section 75>

The gain determination section 75 receives a determina-
tion result concerning speech-sound discrimination ability
from the discrimination ability determination section 70,
and, by referring to a predetermined criterion, determines a
gain for the hearing aid based on the determination result.

A “gain for a hearing aid” is an amount by which the
hearing aid performs sound amplification for each sound
pressure or frequency of a sound that is input to the hearing
aid. For example, it is a difference between the sound
pressure of a sound which is input to a hearing aid and the
sound pressure of a sound which is output from the hearing
aid.

More specifically, the gain determination section retains
as the predetermined criterion the presence or absence of an
MMN component and the presence or absence of an N1
component and a method of hearing aid gain determination,
and determines a gain for the hearing aid.

As for the N1 component, rather than information on the
presence or absence of an N1 component, a negative peak
potential or amplitude value in a time range based on a
latency of about 100 ms, an average potential in a time range
based on a latency of about 100 ms, or a similarity level with
respect to a template may be received.

When the user 5 does not discriminate speech sounds or
does not hear speech sounds, the gain determination section
75 refers to the speech sound DB 85 to determine a gain
corresponding to the formant frequency(s) and sound pres-
sure of the speech sound.

For example, if a “heard but not discriminated” determi-
nation is made, an increase in gain may be decided for any
frequency at which there exists a large formant frequency
difference between sound stimulations. On the other hand, if
it is determined that a sound stimulation is not heard, an
increase in hearing aid gain at all frequencies may be
decided irrespective of the formant frequency(s) of the
sound stimulation. Then, the audio data and sound stimula-
tion information in the speech sound DB 86 is rewritten so
as to reflect the gain information having been determined.

For example, under formant conditions such as those in
FIG. 14, if a “heard but not discriminated” determination is
made concerning speech discrimination ability, then the
audio data is rewritten so that the sound pressure is increased
by 5 dB at 2500 Hz and 3000 Hz of the third formant, at
which formant frequency difference exists between sound
stimulations, and the intensity information of the respective
third formant is increased by 5 dB. Rewriting of audio data
is easily realized by performing a process using an equalizer
function.

Next, with reference to the flowchart of FIG. 15, an
overall procedure of processing by the speech discrimination
ability determination system 200 will be described.

FIG. 15 shows a processing procedure by the speech
discrimination ability determination system 200 according
to the present embodiment. In FIG. 15, steps at which
identical processes to those of the processes of the speech
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discrimination ability determination system 100 (FIG. 10)
are denoted by identical reference numerals, with their
description omitted.

The processing by the speech discrimination ability deter-
mination system 200 according to the present embodiment
differs from the processing by the speech discrimination
ability determination system 100 according to Embodiment
1 (FIG. 10) in that step S201 to step S202 concerning gain
determination and reflection are newly introduced.

<Step S201>

By referring to the predetermined criterion retained in the
gain determination section 75, the gain determination sec-
tion determines a gain for the hearing aid, based on the
determination result by the discrimination ability determi-
nation section 70 concerning speech-sound discrimination
ability.

For example, if the result of sound stimulation discrimi-
nation ability determination received from the discrimina-
tion ability determination section 70 indicates inability to
discriminate or inability to hear the sound stimulation, the
gain determination section 75 decides an increase in the gain
for the formant frequency(s) and intensity of the sound
stimulation, by referring to the speech sound DB 86.

For example, if a “heard but not discriminated” determi-
nation is made, an increase in hearing aid gain may be
determined for any frequency at which there exists a large
formant frequency difference between sound stimulations.
On the other hand, if it is determined that a consonant is not
heard, for example, an increase in hearing aid gain at all
frequencies may be determined irrespective of the formant
frequency(s) of the sound stimulation.

<Step S202>

The gain determination section 75 allows the gain deter-
mined at step S201 to be reflected in the speech sound DB
86.

Although the present embodiment illustrates that the gain
determination section 75 updates the speech sound DB so as
to reflect the determined gain, update is not necessary. The
gain determination section 75 may store the determined
gain. Moreover, the determined gain may be presented to a
person who adjusts the hearing aid, and this person may use
it for determining the gain of the hearing aid of the user 5.

With the speech discrimination ability determination sys-
tem 200 of the present embodiment, two or more kinds of
speech sounds, from the beginning of a consonant and
inclusive of a transient state until the beginning of a vowel,
are presented as sound stimulations, with a difference in
occurrence frequency therebetween, and based on the pres-
ence or absence of and N1 component and an MMN
component in the ERP corresponding to the sound stimula-
tions, speech discrimination ability is determined. As a
result, the speech discrimination ability of each user can be
determined without requiring answer inputs, which would
be cumbersome to the user. Then, if it is determined that
speech discrimination ability is lacking, the gain at a fre-
quency that is related to a formant of a speech sound which
has been presented as a sound stimulation is determined.
This provides information on a hearing aid fitting which
provides more than satisfactory hearing while a hearing aid
is worn.

Variant of Embodiment 2

As above, a speech discrimination ability determination
system has been described as a variant of Embodiment 1, in
which the determination apparatus 1 lacks the N1 determi-
nation section 60.
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Similarly, as a variant of Embodiment 2, a hearing aid
gain determination apparatus lacking an N1 determination
section is conceivable.

FIG. 17 shows the construction of a speech discrimination
ability determination system 250, from which the N1 deter-
mination section 60 is omitted. The hearing aid gain deter-
mination apparatus 25 of the speech discrimination ability
determination system 250 may at least include the event-
related potential acquisition section 55, the MMN determi-
nation section 65, and the gain determination section 75.

Based on the information of sound stimulations which is
output from the sound stimulation output section 10, the
event-related potential acquisition section 55 acquires an
event-related potential from the biological signal measure-
ment section 50.

The gain determination section 75 may retain as a pre-
determined criterion the presence or absence of an MMN
component and a method of hearing aid gain determination,
and determine a hearing aid gain based on the presence or
absence of an MMN component by referring to the prede-
termined criterion.

Instead of information of the presence or absence of an
MMN component, a negative peak potential or amplitude
value in a time range from 150 ms to 250 ms in latency, an
average potential in a time range from 150 ms to 250 ms in
latency, or a similarity level with respect to a template may
be received.

The gain determination section 75 may determine a
hearing aid gain based on the amplitude value of a negative
peak in a time range from 150 ms to 250 ms in latency, an
average potential in a time range from 150 ms to 250 ms in
latency, or a similarity level between a template and an
electroencephalogram signal containing a waveform in a
time range from 150 ms to 250 ms in latency.

The gain determination section 75 may determine a
hearing aid gain based on a negative peak potential or
amplitude value in a time range based on a latency of about
100 ms, an average potential in a time range based on a
latency of about 100 ms, or a similarity level with respect to
a template.

A speech discrimination ability determination system
according to one implementation of the present invention
allows a speech discrimination ability to be directly deter-
mined from the electroencephalogram of each user, and is
useful for the adjustment of a hearing aid at a hearing aid
shop or in households, etc.

While the present invention has been described with
respect to preferred embodiments thereof, it will be apparent
to those skilled in the art that the disclosed invention may be
modified in numerous ways and may assume many embodi-
ments other than those specifically described above. Accord-
ingly, it is intended by the appended claims to cover all
modifications of the invention that fall within the true spirit
and scope of the invention.

What is claimed is:

1. A speech discrimination ability determination system
comprising:

a biological signal measurement section that measures an

electroencephalogram signal of a user;

a sound stimulation determination section that deter-
mines, by referring to a speech sound database storing
information of a plurality of speech sounds, a first
speech sound and a second speech sound which are
different from each other;

an output section that switches between: a first trial in
which the first speech sound is output with a first
occurrence frequency and the second speech sound is
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output with a second occurrence frequency different
from the first occurrence frequency; and a second trial
in which the first speech sound is output with the
second occurrence frequency and the second speech
sound is output with the first occurrence frequency;

an event-related potential acquisition section that acquires
an event-related potential contained in the electroen-
cephalogram signal, the event-related potential acqui-
sition section acquiring: an event-related potential
based on a point of outputting the first speech sound
being output with the first occurrence frequency as a
starting point; an event-related potential based on a
point of outputting the first speech sound being output
with the second occurrence frequency as a starting
point; an event-related potential based on a point of
outputting the second speech sound being output with
the first occurrence frequency as a starting point; and an
event-related potential based on a point of outputting
the second speech sound being output with the second
occurrence frequency as a starting point;

an MMN determination section that acquires, with respect

to each of the first speech sound and the second speech
sound, difference information between the event-re-
lated potential acquired during its output with the first
occurrence frequency and the event-related potential
acquired during its output with the second occurrence
frequency, and configured to determine whether a nega-
tive component exists in the difference information in
predetermined time ranges after the first speech sound
and the second speech sound are output; and

a discrimination ability determination section that deter-

mines that the user discriminates the first speech sound
and the second speech sound when a determination
result by the MMN determination section indicates that
the negative component exists;

wherein the output section outputs the first speech sound

and the second speech sound with the first occurrence
frequency being X (0<X<0.5) and the second occur-
rence frequency being (1-X).

2. The speech discrimination ability determination system
of claim 1, wherein the MMN determination section deter-
mines that the negative component exists when determining
that an event-related potential which is equal to or less than
a predetermined threshold value exists in the difference
information in the predetermined time ranges after the first
speech sound and the second speech sound are output, and
that the negative component does not exist when determin-
ing that an event-related potential which is greater than the
predetermined threshold value exists.

3. The speech discrimination ability determination system
of claim 1, wherein the predetermined time range is a time
range from 100 ms to 250 ms.

4. The speech discrimination ability determination system
of claim 3, further comprising

an N1 determination section that determines whether an

N1 component exists in a time range from 50 ms to 150
ms based on a point in time of outputting each of the
first speech sound and the second speech sound as a
starting point, the N1 component being a negative
component of event-related potential, wherein,

when a determination result by the N1 determination

section indicates that the N1 component exists and the
determination result by the MMN determination sec-
tion indicates that the negative component exists, the
discrimination ability determination section determines
that the user discriminates the first speech sound and
the second speech sound.
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5. The speech discrimination ability determination system
of claim 4, wherein the N1 determination section determines
that the N1 component exists when determining that an
event-related potential which is equal to or less than a
predetermined threshold value exists in predetermined time
ranges after the first speech sound and the second speech
sound are output, and that the N1 component does not exist
when determining that an event-related potential which is
greater than the predetermined threshold value exists.

6. The speech discrimination ability determination system
of claim 4, wherein, when the determination result by the N1
determination section indicates that the N1 component exists
and the determination result by the MMN determination
section indicates that the negative component does not exist,
the discrimination ability determination section determines
that the user hears the first speech sound and the second
speech sound but does not discriminate between the first
speech sound and the second speech sound.

7. The speech discrimination ability determination system
of claim 3, further comprising

an N1 determination section that determines whether an

N1 component exists in a time range from 50 ms to 150
ms based on a point in time of outputting each of the
first speech sound and the second speech sound as a
starting point, the N1 component being a negative
component of event-related potential, wherein,

when a determination result by the N1 determination

section indicates that the N1 component does not exist
for either one of the first speech sound and the second
speech sound and the determination result by the MMN
determination section indicates that the negative com-
ponent exists, the discrimination ability determination
section determines that the user does not discriminate
either one of the first speech sound and the second
speech sound.

8. The speech discrimination ability determination system
of claim 4, further comprising

an N1 determination section that determines whether an

N1 component exists in a time range from 50 ms to 150
ms based on a point in time of outputting each of the
first speech sound and the second speech sound as a
starting point, the N1 component being a negative
component of event-related potential, wherein,

when the determination result by the N1 determination

section indicates that the N1 component exists for
either one of the first speech sound and the second
speech sound and the determination result by the MMN
determination section indicates that the negative com-
ponent does not exist, the discrimination ability deter-
mination section determines that the biological signal
measurement section is not properly measuring the
electroencephalogram signal.

9. The speech discrimination ability determination system
of claim 4, further comprising

an N1 determination section that determines whether an

N1 component exists in a time range from 50 ms to 150
ms based on a point in time of outputting each of the
first speech sound and the second speech sound as a
starting point, the N1 component being a negative
component of event-related potential, wherein,

when the determination result by the N1 determination

section indicates that the N1 component exists for
neither the first speech sound nor the second speech
sound and the determination result by the MMN deter-
mination section indicates that the negative component
exists, the discrimination ability determination section
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determines that the biological signal measurement sec-
tion is not properly measuring the electroencephalo-
gram signal.

10. The speech discrimination ability determination sys-
tem of claim 6, further comprising a gain determination
section that decides an increase in a gain concerning a
frequency at which a large formant frequency differences
exists between the first speech sound and the second speech
sound when the determination result by the discrimination
ability determination section indicates that the user does
discriminates neither the first speech sound nor the second
speech sound.

11. The speech discrimination ability determination sys-
tem of claim 7, comprising a gain determination section that
decides an increase in gain across all audible frequencies
when the determination result by the discrimination ability
determination section indicates that the user hears neither
the first speech sound nor the second speech sound.

12. The speech discrimination ability determination sys-
tem of claim 1, wherein the output section performs the first
trial, and after the number of times of outputting the first
speech sound has reached a predetermined number of times,
switches from the first trial to the second trial.

13. The speech discrimination ability determination sys-
tem of claim 2, wherein the predetermined time range is a
time range from 100 ms to 250 ms.

14. A speech discrimination ability determination appa-
ratus for use in a speech discrimination ability determination
system that switches between: a first trial in which a first
speech sound is output with a first occurrence frequency and
the second speech sound is output with a second occurrence
frequency different from the first occurrence frequency; and
a second trial in which the first speech sound is output with
the second occurrence frequency and the second speech
sound is output with the first occurrence frequency, com-
prising:

an event-related potential acquisition section that acquires

an event-related potential contained in an electroen-
cephalogram signal measured by a biological signal
measurement section, the event-related potential acqui-
sition section acquiring: an event-related potential
based on a point of outputting the first speech sound
being output with the first occurrence frequency as a
starting point; an event-related potential based on a
point of outputting the first speech sound being output
with the second occurrence frequency as a starting
point; an event-related potential based on a point of
outputting the second speech sound being output with
the first occurrence frequency as a starting point; and an
event-related potential based on a point of outputting
the second speech sound being output with the second
occurrence frequency as a starting point;

an MMN determination section that acquires, with respect

to each of the first speech sound and the second speech
sound, difference information between the event-re-
lated potential acquired during its output with the first
occurrence frequency and the event-related potential
acquired during its output with the second occurrence
frequency, and configured to determine whether a nega-
tive component exists in the difference information in
predetermined time ranges after the first speech sound
and the second speech sound are output; and

a discrimination ability determination section that deter-

mines that the user discriminates the first speech sound
and the second speech sound when a determination
result by the MMN determination section indicates that
the negative component exists;
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wherein the first speech sound and the second speech
sound are outputted with the first occurrence frequency
being X (0<X<0.5) and the second occurrence fre-
quency being (1-X).

15. A hearing aid gain determination apparatus for use in

a speech discrimination ability determination system that
switches between: a first trial in which a first speech sound
is output with a first occurrence frequency and the second
speech sound is output with a second occurrence frequency
different from the first occurrence frequency; and a second
trial in which the first speech sound is output with the second
occurrence frequency and the second speech sound is output
with the first occurrence frequency, comprising:

an event-related potential acquisition section that acquires
an event-related potential contained in an electroen-
cephalogram signal measured by a biological signal
measurement section, the event-related potential acqui-
sition section acquiring: an event-related potential
based on a point of outputting the first speech sound
being output with the first occurrence frequency as a
starting point; an event-related potential based on a
point of outputting the first speech sound being output
with the second occurrence frequency as a starting
point; an event-related potential based on a point of
outputting the second speech sound being output with
the first occurrence frequency as a starting point; and an
event-related potential based on a point of outputting
the second speech sound being output with the second
occurrence frequency as a starting point;

an MMN determination section that acquires, with respect
to each of the first speech sound and the second speech
sound, difference information between the event-re-
lated potential acquired during its output with the first
occurrence frequency and the event-related potential
acquired during its output with the second occurrence
frequency, and configured to determine whether a nega-
tive component exists in the difference information in
predetermined time ranges after the first speech sound
and the second speech sound are output;

a discrimination ability determination section that deter-
mines that the user discriminates the first speech sound
and the second speech sound when a determination
result by the MMN determination section indicates that
the negative component exists; and

a gain determination section that determines, by referring
to a predetermined determination criterion, a gain for a
hearing aid based on the difference information;

wherein the first speech sound and the second speech
sound are outputted with the first occurrence frequency
being X (0<X<0.5) and the second occurrence fre-
quency being (1-X).

16. A speech discrimination ability determination method

comprising:

by referring to a speech sound database storing informa-
tion of a plurality of speech sounds, determining a first
speech sound and a second speech sound which are
different from each other;

measuring an electroencephalogram signal of a user;

performing a first trial in which the first speech sound is
output with a first occurrence frequency and the second
speech sound is output with a second occurrence fre-
quency different from the first occurrence frequency;

performing a second trial in which the first speech sound
is output with the second occurrence frequency and the
second speech sound is output with the first occurrence
frequency;
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acquiring event-related potential contained in the electro-
encephalogram signal, the step acquiring: an event-
related potential based on a point of outputting the first
speech sound being output with the first occurrence
frequency as a starting point; an event-related potential
based on a point of outputting the first speech sound
being output with the second occurrence frequency as
a starting point; an event-related potential based on a
point of outputting the second speech sound being
output with the first occurrence frequency as a starting
point; and an event-related potential based on a point of
outputting the second speech sound being output with
the second occurrence frequency as a starting point;

with respect to each of the first speech sound and the
second speech sound, acquiring difference information
between the event-related potential acquired during its
output with the first occurrence frequency and the
event-related potential acquired during its output with
the second occurrence frequency, and determining
whether a negative component exists in the difference
information in predetermined time ranges after the first
speech sound and the second speech sound are output;
and

when a determination result by the determining step
indicates that the negative component exists, determin-
ing that the user discriminates the first speech sound
and the second speech sound;

wherein the first speech sound and the second speech
sound are outputted with the first occurrence frequency
being X (0<X<0.5) and the second occurrence fre-
quency being (1-X).

17. A non-transitory computer readable medium storing a

computer program to be executed by a computer mounted in
a speech discrimination ability determination apparatus of a
speech discrimination ability determination system,

wherein the computer program causes the computer to
execute:

receiving an electroencephalogram signal of a user mea-
sured by a biological signal measurement section;

by referring to a speech sound database storing informa-
tion of a plurality of speech sounds, determining a first
speech sound and a second speech sound which are
different from each other;

performing a first trial in which the first speech sound is
output with a first occurrence frequency and the second
speech sound is output with a second occurrence fre-
quency different from the first occurrence frequency;

performing a second trial in which the first speech sound
is output with the second occurrence frequency and the
second speech sound is output with the first occurrence
frequency;

acquiring event-related potential contained in the electro-
encephalogram signal, the step acquiring: an event-
related potential based on a point of outputting the first
speech sound being output with the first occurrence
frequency as a starting point; an event-related potential
based on a point of outputting the first speech sound
being output with the second occurrence frequency as
a starting point; an event-related potential based on a
point of outputting the second speech sound being
output with the first occurrence frequency as a starting
point; and an event-related potential based on a point of
outputting the second speech sound being output with
the second occurrence frequency as a starting point;

with respect to each of the first speech sound and the
second speech sound, acquiring difference information
between the event-related potential acquired during its
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output with the first occurrence frequency and the
event-related potential acquired during its output with
the second occurrence frequency, and determining
whether a negative component exists in the difference
information in predetermined time ranges after the first
speech sound and the second speech sound are output;
and

when a determination result by the MMN determination
section indicates that the negative component exists,
determining that the user discriminates the first speech
sound and the second speech sound;

wherein the first speech sound and the second speech
sound are outputted with the first occurrence frequency
being X (0<X<0.5) and the second occurrence fre-
quency being (1-X).
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